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Abstract
Background—The enteric nervous system (ENS) develops from neural crest-derived cells that
migrate along the intestine to form two plexuses of neurons and glia. While the major features of
ENS development are conserved across species, minor differences exist, especially in the
colorectum. Given the embryologic and disease-related importance of the distal ENS, the aim of
this study was to characterize the migration and differentiation of enteric neural crest cells
(ENCCs) in the colorectum of avian embryos.

Results—Using normal chick embryos and vagal neural tube transplants from GFP-transgenic
chick embryos, we find ENCCs entering the colon at embryonic day (E) 6.5, with colonization
complete by E8. Undifferentiated ENCCs at the wavefront express HNK-1, N-cadherin, Sox10,
p75, and L1CAM. By E7, differentiation begins in the proximal colon, with L1CAM and Sox10
becoming restricted to neuronal and glial lineages, respectively. By E8, multiple markers of
differentiation are expressed along the entire colorectum.

Conclusions—Our results establish the pattern of ENCC migration and differentiation in the
chick colorectum, demonstrate the conservation of marker expression across species, highlight a
range of markers, including neuronal cell adhesion molecules, which label cells at the wavefront,
and provide a framework for future studies in avian ENS development.
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Introduction
The enteric nervous system (ENS) is principally derived from vagal-level neural crest cells
that migrate rostrocaudally along the entire length of the gastrointestinal tract, giving rise to
neurons and glial cells in two ganglionated plexuses (reviewed in Burns, 2005). A smaller
contribution of enteric neural crest-derived cells (ENCCs) from the sacral level enters the
distal end of the gut and contributes neurons and glia to the colorectum in a caudorostral
direction (Burns and Le Douarin, 1998; Wang et al, 2011). Incomplete migration of ENCCs
along the gut leads to Hirschsprung’s disease in humans, a congenital disorder characterized
by the absence of enteric ganglia along variable lengths of the distal colorectum (Kenny et
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al, 2010). The colorectal ENS deserves special attention both because of its clinical
importance in enteric neuropathies, such as Hirschsprung’s disease, as well as its distinct
embryologic development. First, the colorectum is the only portion of the gut colonized by
both vagal- and sacral-derived ENCCs, with each population migrating in opposite
directions. Second, in the mouse colorectum, the submucosal plexus develops only after
birth (McKeown et al, 2001). In avians, the myenteric plexus develops before the
submucosal plexus throughout the small intestine, while the reverse is true in the colon
(Burns and Le Douarin 1998; Conner et al, 2003; Doyle et al, 2004). Finally, the colorectum
fails to be colonized by ENCCs when the number of neural crest-derived cells is
experimentally reduced in avians (Yntema and Hammond, 1954; Peters-van der Sanden et
al, 1993; Simpson et al, 2007; Barlow et al, 2008) or in certain mouse mutants that
specificallyaffect colorectal ENS formation (Jain et al, 2004; Asai et al, 2006; Druckenbrod
and Epstein 2009; Uesaka and Enomoto, 2010).

Among the various animal models used to study ENCC development, the avian embryo has
played a pivotal role (Goldstein and Nagy, 2008), being the first model to reveal the neural
crest origins of the ENS (Yntemma and Hammond, 1954) as well as its specific origins from
the vagal and sacral levels (Le Douarin and Teillet 1973). The accessibility of avian
embryos throughout development and the variety of embryologic methodologies available,
including inter- and intra-species tissue grafting, retroviral-mediated gene transfer,
electroporation, and embryo culture, continue to make this a valuable model system for ENS
investigations. The aim of this study was to characterize the migration and
immunophenotype of the ENCC wavefront as it progresses along the chick colorectum and
to establish a spatial and temporal map of colorectal ENS development, ENCC marker
profile, and differentiation. Using intra-species chick chimeras in which the vagal neural
tube is derived from a GFP-expressing transgenic chicken and transplanted into a normal
chick embryo, we were able to visualize the wavefront of ENCC migration and to use both
known and novel markers to characterize its immunophenotype. The results of this study
establish the normal pattern of migration and differentiation of ENCCs in the avian
colorectum and identify useful markers for ENS studies in the avian embryo.

Results
Vagal crest-derived ENCCs arrive at the level of the ceca at E6 (Hamberger-Hamilton stage
HH28), with cells at the wavefront expressing Sox10, HNK-1, N-cadherin, p75, and
L1CAM (Fig. 1). Background mesenchymal staining is particularly strong in the ceca at this
stage, as shown by immunohistochemistry with HNK-1, N-cadherin, and p75 antibodies
(Fig. 1B,C,D). Sox10 and L1CAM staining, which do not exhibit this same background,
show that ENCCs enter the ceca at their tips and migrate as a wave rostrocaudally across the
ceca and terminal midgut toward the colorectum. The pattern and timing of colonization
across the cecal level are similar to those described previously (Allan and Newgreen, 1980).

To clearly identify vagal-derived ENCCs in the colorectum, and to definitively label the
migratory wavefront, a GFP-labeled ENS was created by transplanting the vagal neural tube
adjacent to somites 2–6 from transgenic GFP E1.5 (HH10) chick embryos into age-matched
control chick embryos. Strongly fluorescent GFP+ ENCCs were apparent in freshly
dissected, unfixed tissue, and these cells could also be labeled with anti-GFP antibody. At
E6.5 (HH29), the wavefront of ENCCs is seen just past the ceca and entering the proximal
colon (Fig. 2A), while at E7 (HH30) the wavefront has reached the mid-colorectum (Fig.
2B–D). ENCCs appear to migrate in chains (Fig. 2A), as previously described in mouse
hindgut (Young et al, 2004) and in chick and mouse midgut (Druckenbrod and Epstein,
2007). The nerve of Remak (NoR) is GFP-negative as this structure is derived from the
sacral neural crest (Fig. 2C). The pattern of HNK-1 immunoreactivity, a surface marker of
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neural crest cells, is similar to that observed with GFP, but demonstrates the typical
background mesenchymal staining associated with HNK-1 at this stage (Fig. 2D). All GFP+
cells at the wavefront express HNK-1, confirming that this antibody labels the leading edge
of migrating ENCCs (Fig. 2E,H). At E8 (HH32), GFP+ ENCCs have reached the level of
the cloaca (Fig. 2F). As expected, neural crest-derived cells in the pelvic plexus and NoR are
HNK-1+ and GFP-negative because of their sacral neural crest origin (Fig. 2G,H).
Immuofluorescence reveals that the cell adhesion molecule, N-cadherin (Fig. 2I), and the
low-affinity neurotrophic receptor, p75 (Fig. 2J), are both strongly expressed by GFP+ cells
throughout the colorectal ENS, including at the wavefront of migration. By E7 (HH30), the
proximal half of the colorectum has been colonized by ENCCs that express p75, N-cadherin,
and L1CAM (Fig. 3). Multiple combinations of double-immunohistochemistry confirm that
the same population of migrating ENCCs co-expresses p75, Sox10, N-cadherin, HNK-1, and
L1CAM (Fig. 3). While neural crest-derived cells have migrated halfway along the
colorectum, neuronal (Fig. 3I) and glial (Fig. 3J) differentiation is just beginning at the
proximal end (Fig. 3I,J).

Colorectal colonization is complete by E8 (HH32). At this stage, both submucosal and
myenteric plexuses are populated to the level of the cloaca, as shown by N-cadherin, Sox10,
and L1CAM immunoreactivity (Fig. 4A–C). Neuronal differentiation has advanced
significantly since E7 (HH30), with cells immunoreactive to Tuj1 (class III β-tubulin; Fig.
4D) and CN (chick neurite marker; Fig. 4K) present along the length of the colorectum. CN
and Tuj1 both mark the same population of early enteric neurons (data not shown). Hu
(neuron-specific family of RNA binding proteins; Fig. 4E) is also expressed along the entire
colorectum, but is more advanced in the submucosal plexus, as can be seen on longitudinal
section (Fig. 4E) and in cross sections from proximal (Fig. 4G) and distal (Fig. 4H)
colorectum. NCAM is a later marker of enteric neurons as its expression is limited to the
proximal colon at this stage (Fig. 4F,I), with only fibers from the NoR staining distally (Fig.
4J). Neurofilament expression is even more delayed, with no immunoreactivity present in
the colorectal wall at this stage, with the exception of expression by NoR fibers (not shown).

Glial differentiation also advances significantly in the colorectum between E7 (HH30) and
E8 (HH32), with a temporal pattern similar to that observed for enteric neurons. While B-
fabp expression is limited to the most proximal colon at E7 (HH30; Fig. 3J), it is present
along the length of the colorectum at E8 (HH32; Fig. 4L). Double-staining with B-fabp and
Hu or Tuj1 shows B-fabp to be specific to glial cells, and not expressed by enteric neurons
at this stage (Fig. 4M). Sox10, which initially labels all ENCCs, becomes exclusively
expressed by the glial lineage in the colorectum by E9 (HH35; Fig. 4N), and is no longer
expressed by enteric neurons at this stage (Fig. 4O). L1CAM, in contrast, is specifically
downregulated by enteric glial cells at the same stage (Fig. 4P) and is only expressed by
enteric neurons (Fig. 4Q). We find GFAP to be a later marker of glial differentiation. At E8
(HH32), GFAP is only expressed by NoR fibers extending around the colorectum (not
shown), becoming expressed by enteric submucosal and myenteric ganglia after E10 (HH36;
Fig. 6H).

At E10 (HH36), the colorectum contains both vagal and sacral crest-derived cells. GFP+
vagal crest-derived cells are present along the entire colorectum (Fig. 5A). The boxed area
shown in Fig. 5A contains both vagal crest-derived (GFP+/HNK-1+) and sacral crest-
derived (GFP-/HNK-1+) ENCCs (Fig. 5C,D), demonstrating mixing of vagal and sacral
crest-derived ENCCs in the colorectum. At E14 (HH40; Fig. 6), all ENCCs continue to stain
strongly and specifically with antibodies against HNK-1 and N-cadherin. Enteric neurons
express L1 CAM, Hu, NCAM, and neurofilament, while glial cells express B-fabp and
GFAP. The morphology of ganglia at E12 (HH38) is characterized by the presence of
clustered enteric neurons centrally, with glial cells positioned peripherally (Fig. 6J).
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During colorectal ENS development, we observed a concentric ring of undifferentiated
ENCCs located in the inner submucosa. This “third plexus” appears to be a transient
structure consistently observed in the E8 (HH32) colorectum (Fig. 7B). The cells are located
closer to the epithelium and are undifferentiated (Fig. 7C). Only rare Hu+ cells are identified
in this plexus, as seen in Fig. 4G. To further confirm the presence of this plexus, we serially
sectioned an E8 (HH32) gut from ceca to cloaca and found that 100 of 160 transverse
sections contained a p75-immunoreactive inner submucosal plexus. By E10 (HH36), this
plexus is no longer present (Fig. 7D).

Discussion
Abnormal colorectal ENS development is the underlying cause of Hirschsprung’s disease, a
congenital neurocristopathy that affects 1 in 5000 newborns and is characterized by
aganglionosis involving variable lengths of distal colorectum. Understanding the etiology of
Hirschsprung’s disease requires a complete understanding of distal ENS development, to
which mouse (Burns, 2005; Wang et al, 2011) and chick (Goldstein and Nagy, 2008)
embryos have contributed greatly. Work in avian ENS development has been limited by the
number of available reagents to identify enteric neurons, glia, and their precursors, and an
incomplete characterization of normal colorectal ENS formation. Furthermore, use of
HNK-1, the antibody most commonly used to mark avian neural crest cells, is characterized
by significant mesenchymal staining in the ceca and colorectum (Luider et al, 1992) at
stages during ENCC migration through these regions, limiting its utility. In this study, we
have used transgenic GFP chick tissues to permanently label and examine the timing of
vagal crest-derived cell migration along the colorectum and have also characterized, by
immunohistochemistry, the spatiotemporal pattern of migration and differentiation of these
cells. Use of the chickGFP-chick intraspecies grafts has several important advantages over
the chick-quail chimeras commonly performed. First, analysis of vagal neural tube
transplants from quail to chick embryos is complicated by species differences in rates of
embryonic development and ENS formation between these two species, a problem
circumvented by the use of intraspecies grafts. Second, GFP expression labels the entire
ENCC, including the cell body and its extensions, facilitating examination of ENCC
migration and patterning without the need for immunohistochemistry. The markers
identified in this study and the patterns of migration and differentiation revealed will
enhance future studies on ENS development in this model system.

Development of the colorectal ENS is a highly regulated process conserved across species,
although it varies in specific details. The majority of ENCCs in all species examined
originate from the vagal neural crest and colonize the gut rostrocaudally, entering the colon
at week 7 during human embryogenesis (Fu et al, 2004; Wallace and Burns, 2005), E11.5 in
mouse (Young et al., 1998; Druckenbrod and Epstein, 2005), and E6.5 (HH29) in chick, as
shown here. Completion of colorectal colonization takes 2.5 days in the mouse (McKeown
et al, 2001) as compared to 1.5 days in the chick. Two ganglionated plexuses form in the
colorectum of each species, with distinct developmental patterns. In human and mouse
colorectum, the myenteric plexus forms first, with submucosal ganglia developing later, by
week 14 in human embryos (Fu et al, 2004) and only postanatally in mice (McKeown et al,
2001). In contrast, in chick the colorectal submucosal plexus develops first, although it
precedes myenteric plexus development by only a few hours. Both plexuses appear to
migrate distally as separate, and nearly parallel, streams, as previously observed (Conner et
al, 2003). We cannot, however, rule out the possibility of an additional outward migration of
ENCCs from submucosal to myenteric plexus, as has been proposed (Burns and Le Douarin,
1998). A small proportion of the colorectal ENS is comprised of ENCCs originating from
the sacral level of the neural tube. In the chick embryo, sacral crest-derived cells entirely
comprise the pelvic plexus and nerve of Remak. These cells also contribute to the
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colorectum as early as E7.5 (Burns and Le Douarin, 1998), entering it either from its distal
end (Nagy et al, 2007) or along nerve of Remak fibers (Burns and Le Douarin, 1998). A
sacral neural crest contribution also occurs in mice (Kapur, 2000; Wang et al, 2011), but has
yet to be demonstrated in humans due to lack of markers unique to sacral ENCCs and
difficulty in obtaining tissues at the appropriate stages of development. Development of the
zebrafish ENS differs significantly, with ENCCs starting their migration at 36 hours post
fertilization (hpf) and completing it by 74 hpf (Wallace et al, 2005). Zebrafish have no
submucosal plexus and no sacral neural crest contribution (Burzynski et al, 2009).

Upon entering the chick post-cecal colorectum at E6.5 (HH29), the wavefront of
undifferentiated neural crest-derived cells expresses HNK-1, p75, Sox10, N-cadherin, and
L1CAM. This panel of markers is very similar to those expressed by migrating ENCCs in
the mouse (Young and Newgreen, 2001; Anderson et al, 2006). Although HNK-1 expression
has not been detected by immunohistochemistry in fixed mouse tissue (Tucker et al, 1988),
it has been successfully used to isolate ENCCs from the embryonic mouse intestine by flow
cytometry (Walters et al, 2010). We find these five markers expressed by all vagal crest-
derived ENCCs at the wavefront prior to their differentiation. L1CAM and N-cadherin, both
neuronal cell adhesion molecules, have also recently been shown to be expressed by
migrating ENCCs in the quail midgut (Hackett-Jones et al, 2011).

Neuronal differentiation, which occurs in a rostrocaudal wave along the gut, is first marked
in the avian colorectum by expression of the pan-neuronal Hu antibody, which appears in
the proximal colon at E7 (HH30), about 12 hours after the arrival of undifferentiated
ENCCs. Hu expression first occurs in the submucosal plexus. The wave of differentiation
progresses quickly, with Hu expression reaching the distal colorectum in both plexuses by
E8 (HH32), similar to the timing described by Fairman et al, 1995. Tuj1 and CN are both
also early and specific markers of enteric neuronal differentiation. NCAM is a later marker,
present only in the proximal colon at E8, although strongly expressed along the length of the
nerve of Remak and its fibers extending into the outer gut mesenchyme at this stage.
Neurofilament expression occurs only after E8 in the colorectum. Glial differentiation
follows a similar pattern, with B-fabp, a marker of glial cells and their precursors (Kurtz et
al, 1994), expressed in the proximal colon at E7 and along the length of the colorectum by
E8. GFAP expression is absent in the ganglia at this stage, but can be seen in both plexuses
of the colorectum after E10.

During formation of the colorectal ENS, we identified a previously undescribed “third
plexus” of ENCCs located in the inner submucosa, close to the epithelium. This plexus is
transiently present during development. At E7, and at the E8 wavefront, ENCCs are
scattered within the submucosal mesenchyme, as shown in Fig. 7, not yet forming a distinct
plexus. By E8, two discrete plexuses of undifferentiated p75+ ENCCs are present in the
submucosa. The outer plexus, located along the inner border of the circular muscle,
represents the future submucosal plexus, whereas the inner plexus disappears by E10.
Interestingly, the inner plexus remains undifferentiated and only rare Hu+ cells are found
there. Similar inner submucosal ganglion cells have also been described in human fetal
intestine at week 20 (Fu et al, 2004). A possible explanation for the development of a third
plexus is offered by Zhang et al, (2010), who use mathematical modeling to suggest that
when one plexus reaches maximal cell density, crowding is relieved by movement to
another plexus. The transient nature of the inner submucosal plexus in avians may reflect the
absence of signals in the mesenchyme required for maintenance of those cells. Additional
plexuses have been described in adult large mammals, including human, pig, horse, and
cattle, where two to three distinct submucosal plexuses are present at different anatomic
levels within the submucous layer (Timmermans et al, 1990; Balemba et al, 1999; Wedel et
al, 1999).
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Based on the findings of this current study we propose a sequence of ENCC differentiation
in the chick colorectum, as presented in Fig. 8. HNK-1, p75, and N-cadherin are expressed
by undifferentiated ENCCs and remain expressed in both neuronal and glial lineages after
differentiation occurs. L1-CAM, initially expressed by all ENCCs, becomes restricted to the
neuronal lineage, while Sox10, which is also initially expressed by all ENCCs, is
downregulated in differentiated enteric neurons and becomes limited to the glial precursor
population, similar to its expression pattern in mouse (Young et al, 2003). Together, these
results confirm the similarities in ENS development between avians and rodents and provide
a framework for further studies in avian ENS morphogenesis.

Experimental Procedures
Animals

Fertilized White Leghorn chicken eggs were obtained from commercial breeders and
maintained at 37°C in a humidified incubator. Transgenic GFP-expressing chicken eggs
were provided by Prof. Helen Sang, The Roslin Institute, University of Edinburgh (McGrew
et al, 2008). Embryos were staged according to Hamburger and Hamilton (HH) tables
(Hamburger and Hamilton, 1992) or the number of embryonic days (E).

Immunohistochemistry
Samples were fixed in 4% formaldehyde in phosphate buffered saline (PBS) for 1 hr, rinsed
with PBS, and infiltrated with 15% sucrose/PBS overnight at 4°C. The medium was
changed to 7.5% gelatin containing 15% sucrose at 37°C for 1–2 hr, and the tissues rapidly
frozen at −60°C in isopentane (Sigma). Frozen sections were cut at 10μm, collected on
poly-L-lysine–coated slides (Sigma), and stained by immunohistochemistry as previously
described (Nagy et al, 2005). The primary antibodies used are listed in Table 1. Frozen
sections were incubated with primary antibodies for 45 minutes, followed by biotinylated
goat anti-mouse IgG (Vector Labs, Burlingame, CA) and avidin-biotinylated peroxidase
complex (Vectastain Elite ABC kit, Vector Labs). Endogenous peroxidase activity was
quenched with 3% hydrogen peroxide (Sigma) for 10 minutes. The binding sites of the
primary antibodies were visualized by 4-chloro-1-naphthol (Sigma).

For double immunofluorescence staining the sections were incubated with the primary
antibodies at room temperature for 45 min. After washing in PBS, secondary antibodies
(Alexa Fluor 594 and 488 conjugated anti-mouse IgG, and Alexa Fluor 594 and 488
conjugated anti-mouse IgM, and Alexa Fluor 594 and 488 conjugated anti-rabbit from
Invitrogen) were used for 45 min. Cell nuclei were stained by DAPI (Vector Labs). Samples
were examined under a Nikon Eclipse 80i microscope and photographed with a Spot
camera. Images were compiled using Adobe Photoshop.

GFP-chick chimera
For chickGFP-chick grafting, the neural tube and associated neural crest, adjacent to somites
2–6 inclusive, was microsurgically removed from normal chick embryos at the 9–11 somite
stage of development (E1.5) and replaced with equivalent tissue obtained from chickGFP

embryos at the same stage of development as previously described for quail-chick grafting
(Burns and Le Douarin, 1998). Grafts of this region provide extensive labeling of the ENS,
with good embryo survival. Following grafting, eggs were returned to the incubator and
allowed to develop up to an additional 5–9 days, such that the wavefront of GFP+ ENCCs
entered and colonized the colorectum.
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Bullet points

1. Undifferentiated ENCCs at the colorectal wavefront express HNK-1, N-
cadherin, Sox10, p75, and L1CAM.

2. ENCCs colonise the colorectum in a rostrocaudal direction during embryonic
days 6.5–8.0 and subsequently differentiate rostrocaudally into neurons and glia.

3. The results highlight a range of markers, including neuronal cell adhesion
molecules, which can be used to label cells at the migration wavefront.
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Figure 1. ENCCs reach the cecal level at E6 (HH28)
Serial longitudinal sections of the midgut and colorectum at E6 (HH28) were stained with
Sox10 (A), HNK-1 (B), N-cadherin (C), p75 (D), and L1CAM (E). In all cases, wavefront
cells (arrows) are found at the cecal level, just prior to entering the colon. Background
mesenchymal staining, strongest in the ceca, is present with HNK-1, N-cadherin, and p75.
mg, midgut; cr, colorectum

Nagy et al. Page 11

Dev Dyn. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Vagal neural tube chimeras define the wavefront of ENCC migration
(A) Wholemount E6.5 (HH29) intestine shows GFP+ vagal crest-derived ENCCs just past
the cecal level. At E7 (HH30), the GFP+ ENCC wavefront is in the mid-colorectum on
wholemount (B) and longitudinal section (C). HNK-1 labeling shows a similar pattern (D,
boxed area magnified in E), confirmed by co-labeling of all GFP+ wavefront ENCCs with
HNK-1 (E). At E8 (HH32), GFP expression on longitudinal section shows that ENCCs have
reached the cloaca (F, arrowheads mark submucosal ENCCs). Co-labeling with HNK-1 at
this stage (G, boxed area magnified in H) shows HNK-1 labeling all GFP+ ENCCs. GFP-
ENCCs are sacral crest-derived and form the pelvic plexus and NoR (G). Wavefront ENCCs
also express N-cadherin (I) and p75 (J). In each panel, the proximal end of the gut is on the
left. cl, cloaca; cr, colorectum; cr ep, colorectal epithelium; NoR, nerve of Remak; pp, pelvic
plexus; smp, submucosal plexus
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Figure 3. Migratory wavefront at mid-colorectum at E7 (HH30)
p75 (A), N-cadherin (C), and L1CAM (F) labeling of serial longitudinal sections identify the
ENCC wavefront (arrows) at the mid-colorectum. Double-labeling with p75 and Sox10 (B),
N-cadherin (D), HNK-1 (E), and L1CAM (H) show that these antibodies all label cells at the
wavefront. Wavefront ENCCs also co-express nuclear Sox10 and HNK-1 (G). Neuronal (I)
and glial (J) differentiation is present only in occasional cells in the proximal colon (arrows).
Arrowhead in (I) marks the wavefront of Hu differentiation and is enlarged in the inset. ep,
epithelium; NoR, nerve of Remak
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Figure 4. Colorectal colonization is complete at E8 (HH32)
Serial longitudinal sections at E8 (HH32) show ENCCs along the entire colorectum forming
two plexuses of cells immunoreactive to ENCC markers N-cadherin (A), Sox10 (B), and
L1CAM (C). Early neuronal differentiation is marked by Tuj1 (D) and Hu (E).
Differentiation is more advanced in the submucosal than myenteric plexus, as shown by
proximal (G) and distal (H) cross-sections (marked in (E)). NCAM is a later marker of
neuronal differentiation (F), expressed by enteric neurons in the proximal (I), but not distal
(J), colorectum at this stage. CN, another neuronal marker, is expressed throughout the
colorectum (K), as is B-fabp, which marks glial cells and their precursors (L). B-fabp is only
expressed by glial cells, not neurons, at E8 (HH32; M). By E9 (HH35), Sox-10 is expressed
only by glial cells, as shown in the NoR (N), and not by enteric neurons (O), while L1CAM
is downregulated in glial cells (P) and expressed only by the neurons (Q).
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Figure 5. E10 (HH36) colorectum contains vagal and sacral crest-derived cells
HNK-1-immunoreactivity reveals neural crest-derived cells in E10 (HH36) colorectum
(A,B). At this stage, GFP+ vagal neural crest cells have colonized the entire colorectum.
Neither the NoR nor pelvic plexus express GFP. Boxed area in (A) is shown in (C), with a
serial section in (D). Double immunofluorescence with GFP and HNK-1 shows both
HNK-1+/GFP+ and HNK-1+/GFP- ENCCs in the submucosal plexus (Ci-iii). In the
myenteric plexus, Hu+/GFP-enteric neurons were seen (Di-iii). Double arrows denote GFP-
sacral crest-derived ENCCs. BF, bursa of Fabricius; cl, cloaca; cr, colorectum; mp,
myenteric plexus; NoR, nerve of Remak; pp, pelvic plexus; smp, submucosal plexus
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Figure 6. Colorectal ENS at E12-E14 (HH38–40)
Immunohistochemistry was performed on transverse sections of E14 (HH40) mid-
colorectum with HNK-1 (A), N-cadherin (B) and L1CAM (C). Differentiated ENCCs
express neuronal markers Hu (D), NCAM (E), and neurofilament (F), and glial markers B-
fabp (G) and GFAP (H). The submucosal ganglion marked with arrows is magnified in the
inset (H). The close relationship between neurons (Hu) and glia (B-fabp) is seen at E12
(HH38; I, box magnified in J).
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Figure 7. Transient inner submucosal plexus during colorectal colonization
During colonization of the colorectum, a transient inner submucosal plexus is present at the
migrating wavefront at E7 (HH30; A) and E8 (HH32; B, arrowheads). The ENCCs in this
inner plexus remain undifferentiated (p75+/Hu-) (C). By E10 (D), the inner plexus is no
longer present and only the normal submucosal plexus is seen. ep, epithelium; mp,
myenteric plexus; NoR, nerve of Remak
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Figure 8. Sequence of colorectal ENCC maturation
Undifferentiated ENCCs arrive in the proximal colon at E6.5 (HH29) and express HNK-1,
p75, Sox10, N-cadherin, and L1CAM at their migratorywavefront. At E7 (HH30) neuronal
precursors begin to appear in the proximal colon, expressing Hu, Tuj1, CN, and L1CAM. As
neuronal differentiation progresses, NCAM and neurofilament expression occurs. Glial
precursors are first marked by Sox10 and B-fabp expression, with GFAP expression coming
later.
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Table 1

Primary antisera used for immunohistochemistry

Antibody (clone) Host Cells identified Dilution Source of antibody

B-fabp Rabbit polyclonal glial cells 1:300 kind gift of Thomas Müller, (Kurz et al., 1994)

CN Mouse IgG1 neurons 1:10 kind gift of Hideaki Tanaka, (Tanaka et al., 1990)

GFAP Rabbit polyclonal glial cells 1:500 DAKO

HNK-1 mouse IgM ENCCs 1:80 Neomarkers

Hu (clone: 16A11) Mouse IgG2a neurons 1:100 Invitrogen

L1CAM (8D9) Mouse IgG1 ENCCs 1:5 DSHB

N-cadherin (6B3) Mouse IgG1 ENCCs 1:10 DSHB

NCAM (4d) Mouse IgG1 neurons 1:5 DSHB

Neurofilament (4H6) Mouse IgG neurons 1:10 DSHB

p75 Rabbit polyclonal ENCCs 1:10000 kind gift of Louis Reichardt, (Weskamp and Reichardt,
1991)

Sox10 Mouse IgG ENCCs and glial cells 1:50 kind gift of Michael Wegner, (Schmidt et al., 2003)

Tuj1 (B1195) Mouse IgG2a neurons 1:200 Covance
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